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Macromolecular solubility in solvent mixtures often exhibit striking and paradoxical nature. For
example, when two well miscible poor solvents for a given polymer are mixed together, the same
polymer may swell within intermediate mixing ratios. We combine computer simulations and the-
oretical arguments to unveil the first microscopic, generic origin of this collapse-swelling-collapse
scenario. We show that this phenomenon naturally emerges at constant pressure in mixtures of
purely repulsive components, especially when a delicate balance of the entropically driven depletion
interactions is achieved.
It has been commonly observed that a polymer can col-
lapse in a mixture of two competing, well miscible good
solvents, while the same polymer remains expanded in
these two individual components. This phenomenon is
commonly known as co-non-solvency [1–10]. However, it
has also been observed that a polymer can be collapsed in
two different poor solvents, whereas it is “better” soluble
in their mixtures [11–14]. Thus far a multitude of specific,
system dependent explanations hindered the emergence
of a clear physical picture of these two intriguing phe-
nomena. While the phenomenon of co-non-solvency has
been recently brought onto a firmer ground of a generic
explanation [8, 9], no equivalent understanding of the
collapse-swelling-collapse behavior has yet been achieved.
In this work we propose the microscopic, generic picture
of this collapse-swelling-collapse behavior in poor solvent
mixtures.
In a standard poor solvent, starting from a good sol-
vent condition, an increase of the effective attraction
between the monomers first brings the polymer into
Θ−conditions, where the radius of gyration scales as
Rg ∼ N
1/2
l with Nl being the chain length [15, 16].
Upon further increase of the attraction, a polymer then
collapses into a globular state. The resultant collapsed
globule can be understood by balancing the negative sec-
ond virial osmotic contributions and the three body re-
pulsions. The effective attraction, between monomers
of a polymer, originates when the solvent particles re-
pel polymer beads more than the repulsion between two
monomers [15, 16]. This attraction between monomer
beads is referred to as depletion induced attraction, well
known from colloidal stability [17]. In this case, the re-
sulting isolated polymer conformation can be well de-
scribed by the Porod scaling law of the static structure
factor S(q) ∝ q−4, presenting a compact spherical glob-
ule. Interestingly, even if a polymer exhibits poor solvent
conditions in two different solvents, it can possibly be
somewhat swollen by intermediate mixing ratios of the
two poor solvents. A system that shows this collapse-
swelling-collapse scenario is poly(methyl methacrylate)
(PMMA) in aqueous alcohol mixtures. More specifically,
water and alcohol are almost perfectly miscible and in-
dividually poor solvents for PMMA. However, PMMA
shows improved solubility within the intermediate mix-
ing concentrations of aqueous alcohol and/or other sol-
vent mixtures [11–14].
In this work, we aim to (1) devise a thermodynamically
consistent generic (chemically independent) model for a
polymer in poor solvent mixtures, such that solubility of
many polymers can be explained within a simplified (uni-
versal) physical concept, (2) develop a microscopic under-
standing of the collapse-swelling-collapse scenario, and
(3) investigate if a polymer in mixed poor solvents can re-
ally reach a fully extended good solvent chain. To achieve
the above goals, we combine generic molecular dynamics,
all-atom simulations and theoretical arguments to study
polymer solvation in poor solvent mixtures.
Our generic simulations are based on the well-known
bead-spring model of polymers [18]. A bead-spring poly-
mer p is solvated in mixed solutions composed of two
components, solvent s and cosolvent c, respectively. The
mole fraction of the cosolvent component xc is varied
from 0 (pure s component) to 1 (pure c component). Sim-
ulations are performed using the ESPResSo++molecular
dynamics package [19]. We have also performed all-atom
simulations using the GROMACS molecular dynamics
package [20]. The details about generic simulations and
all-atom force field parameters are given in the electronic
supplementary material [21].
In Fig. 1 we summarize results for the normalized
squared radius of gyration R
2
g =
〈
R2g
〉
/
〈
Rg(xc = 0)
2
〉
as a function of xc from the generic model and for three
different cases described in the supplementary material
[21]. A closer look at the symmetric case of two almost
perfectly miscible solvents (black △) show that − while
the pure solvent (xc = 0) and the pure cosolvent (xc = 1)
are equally poor solvents for the polymer, the same poly-
mer swells within the intermediate cosolvent composi-
tions reaching maximum swelling of R
2
g by ∼ 20% at
around xc = 0.5. How could this be? In this context,
given that this is a case of standard poor solvent collapse,
the polymer conformations are given by depletion forces
(or depletion induced attraction) [17]. Using simple de-
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FIG. 1: Normalized squared radius of gyration R
2
g =〈
R2g
〉
/
〈
Rg(xc = 0)
2
〉
as a function of cosolvent molar concen-
tration xc. Results are shown for the generic simulations and
for three different cases. The parameters specific details of
generic cases are listed in the electronic supplementary mate-
rial [21]. The results are shown for a chain length of Nl = 30.
Lines are polynomial fits to the data that are drawn to guide
the eye.
pletion arguments, when both solvent and cosolvent are
equally repulsive, polymer conformation should remain
unaltered over the full range of xc. Here, however, when
cosolvents are added into polymer-solvent system (such
as the addition of alcohol in PMMA-water system), the
addition of cosolvents not only deplete monomers, but
also deplete solvents. This leads to an effective double
depletion effect that ultimately gives rise to a reduced
depletion around xc = 0.5 and thus is consistent with the
swelling of the polymers. Note that the depletion forces
are intimately linked to the total density of system ρtotal
and, therefore, reduced depletion forces should also be
associated with the reduced ρtotal. Interestingly, when
looking into aqueous-alcohol mixtures, it becomes clear
that ρtotal of the solution at constant pressure P does
not change linearly with changing composition (or xc)
[22]. Instead, they exhibit a minimum in ρtotal around
xc = 0.5 (see Fig. 1 in electronic supplementary material
[21]), indicating that the miscibility is only almost per-
fect. In our generic simulations, we have tuned solvent-
cosolvent (repulsive) interaction strength ǫsc such that
the generic system can reproduce the weak density dip
observed in the aqueous alcohol mixtures at constant P ,
see Fig. 2(a). Furthermore, the system parameters are
chosen such that the bulk solution remains deep into the
miscible state far from the phase separation. The repre-
sentative simulation snapshot is shown in Fig. 2(b) for a
50− 50 solvent-cosolvent mixture.
When the interaction asymmetry between polymer-
cosolvent ǫpc and polymer-solvent ǫps is increased (see
electronic supplementary material [21]), where ǫpc for
case 2 < case 1 < symmetric case, not only that the
FIG. 2: Simulation snapshots of the generic system presenting
bulk solution for a xc = 0.5 mixture.
degree of swelling increases, but the swelling region also
shifts between 0.5 < xc < 0.9. This range is found to
be in excellent agreement with the experimental observa-
tion of PMMA conformation in aqueous alcohol mixtures
[12, 13]. Furthermore, our case 2 is closely resembles
PMMA in aqueous methanol mixture, where we tune pa-
rameters to mimic PMMA in aqueous methanol mixtures
(see electronic supplementary material [21]). A closer
look at Fig. 1 shows that the degree of swelling, within
the range 0.5 < xc < 0.9, varies between 20-65% (or
10-30% in Rg) depending on the interaction assymetry.
Considering that we are dealing with combinations of
poor solvents, this is a very significant swelling. More-
over, analyzing the simulation it becomes apparent that
the polymer does not neccesarily reach a fully expanded
configuration. A quantity that perhaps best quantifies a
polymer conformation is the static structure factor S(q).
In Fig. 3 we present S(q) for two different values of xc for
the system described by case 1. Part (a) shows S(q) of
a fully collapsed chain in pure solvent (xc = 0) and part
(b) presents maximum polymer swelling (xc = 0.7). For
xc = 0.0, the polymer can be well described by a scal-
ing law known for sphere scattering (Porod scattering),
namely S(q) ∼ q−4, suggesting a fully collapsed poor
solvent conformation. Furthermore, the data point cor-
responding to xc = 0.7 shows more interesting polymer
conformations. Within the range 1.5σ−1 < q < 3.0σ−1
an aparent scaling S(q) ∼ q−2 is observed, which crosses
over to S(q) ∼ q−4 for 0.7σ−1 < q < 1.5σ−1, suggest-
ing that the polymer remains globally collapsed consist-
ing of Θ−blobs. The crossover point qΘ gives the direct
measure of the effective blob size ℓΘ−blob = 2π/qΘ. The
largest blobs are observed when the polymer is maximally
swollen.
Phase transition in polymer solutions, including the
determination of changes in solvent quality leading to
polymer collapse, are conveniently described at the mean-
field level by the Flory-Huggins (FH) theory and its vari-
ants. For the case where a polymer with chain length
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FIG. 3: Static structure factor S(q) for a chain of length
Nl = 100. Part (a) shows S(q) at xc = 0.0 and part (b) for
xc = 0.7. In part (a) we also include the analytical expression
for the sphere scattering. In part (b) red and green lines are
power law fits to the data at different length scales. Blue
line represents Gruiner region for q → 0 (for large length
scales). Vertical arrow indicates the effective Θ−blob size at
q = qΘ, estimated using ℓΘ−blob = 2π/qΘ. Note to get better
estimation of the cross-over scaling regime, S(q) is calculated
from a simulation of a chain length Nl = 100.
Nl, at volume fraction φp, is dissolved in a mixture of
two components s and c, respectively, FH theory pre-
dicts a monomer-monomer excluded volume of the form
[15, 16],
V = 1− 2 (1− xc)χps − 2xcχpc + 2xc (1− xc)χsc,(1)
where χps and χpc are the Flory-Huggins interaction pa-
rameters between p− s and p− c, respectively. The fac-
tor χsc is the parameter of s− c interaction. When both
solvent and cosolvent are poor solvents, χps > 1/2 and
χpc > 1/2. In our simulations V = V/Vm is calculated
using the expression V = 2π
∫ [
1− e−v(r)/kBT
]
r2dr. We
use v(r) = −kBT ln [g(r)] as a guess of the potential
of mean force (PMF), which is calculated from the ra-
dial distribution function between non-bonded monomers
g(r). Vm = 2.73 σ3 is the bare monomer excluded vol-
ume in the absence of any (co)solvent and corresponds
to a monomer-monomer distance of 0.87σ. Fitting Eq. 1
to the V data in Fig. 4, we find χps = 1.57, χpc = 1.11
and χsc = 1.74 for case 1 and χps = 1.62, χpc = 0.95
and χsc = 1.74 for case 2. Consistently χsc values for
both cases are similar, since this parameter is indepen-
dent of polymer solvent interactions. Note also that stan-
dard FH predictions assume that solvent and cosolvent
− and also polymer − are mixed at constant volume,
whereas our simulations and experiments are performed
at a constant pressure. In the following we derive a FH
expression for the V values at constant p, which predicts
reduced effective values for χsc dependent on p.
In our simulations, we only consider polymer under
infinite dilution φp → 0 and the large majority of the
volume is occupied by solvent-cosolvent mixture. There-
fore, we concentrate our analysis on the binary mixture.
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FIG. 4: Normalized excluded volume V = V/Vm as a function
of cosolvent mole fraction xc. Results are shown for two cases.
Lines are fits to the data corresponding to Eq. 1. In the inset
we present
(
1/Rg
)3
as a function of normalized V. Here,
Rg = Rg/Rg(xc = 0) is the normalized gyration radius Rg.
The line is a fit based on Eq. 5.
Additionally, we also consider that the pure reference sol-
vent and cosolvent systems are identical, but that s − c
interactions are distinct from those for s − s and c − c.
For this case, the total free energy is written as
Fv
κBT
=
vFs(v)
κBT
+ xc ln(xc) + (1 − xc) ln(1 − xc)
+ χsc(v)xc(1 − xc), (2)
where Fs(v) is the volume-dependent free-energy of the
pure solvent or cosolvent systems and where we consider
the explicit dependence of χsc on system volume. Note
that since experiments and simulations are performed at
constant number of molecules N , the total volume of
the system V is simply given by V = Nv. For a given
external pressure P , the molar volume v is thus controlled
by, P = Ps(v)− κBTxc(1− xc)∂χsc(v)/∂v with Ps(v) =
−∂vFs/∂v being the pressure of the reference system.
If one assumes a small variation of the molar volume of
the solvent-cosolvent mixture with respect to that of the
reference system, one gets
v = vo [1 + ζ xc(1− xc)] , (3)
where ζ = κBT/v ∂χsc(v)/∂v [∂Ps(v)/∂v]
−1
measures
the relative sensitivity of the interaction parameter and
reference pressure to v. In supplementary material [21]
we show Ps as a function of v that gives an estimate of
∂Ps(v)/∂v = 20ǫ/σ
6. Eq. 3 describes well the observed
density variation of the generic model in Fig. 2(a) with
ζ = 0.26. Note that ρtotal and molar volume v are simply
related by ρtotal = 1/v. Also to first order in (v− vo)/vo,
which for our generic model is of the order of 10%, one
gets
χsc(v) = χsc(vo) + v
∂χsc(v)
∂v
∣∣
∣
∣
xc→0
ζxc(1− xc), (4)
4thus showing that the interaction parameter is only per-
turbed to second order in beta. This will lead to an
effective expression χsc(v) = χsc(vo) − 0.089xc(1 − xc).
Incorporating Eq. 4 into Eq. 1 gives rise to the collapse-
swelling-collapse scenario shown in Fig. 4. Furthermore,
if we choose xc = 0.5, the above equation will lead to a
∼ 2% variation in χsc values with respect to the standard
values calculated in NVT ensemble. This suggests that
− while the phenomenon naturally emerges at constant
P , the constant volume (lattice models), though not ap-
propriate, could still reasonably work because of a small
deviation of χsc between two ensembles. However, one
should also note that on a lattice it is difficult to speak
of constant P .
Our numerical predictions successfully account for
polymer swelling in solutions of poor solvent mixtures.
The simulations quantitatively confirm that − while this
fascinating polymer behavior is driven by purely repul-
sive interactions, they also reveal the subtle balance of
local depletion forces and the bulk solution properties
behind the paradoxical nature of such phenomena. In-
deed, polymer collapse in repulsive solvents can be un-
derstood by depletion induced attractions [17]. The dom-
inant contribution to the depletion attraction potentials
originates from the direct monomer-solvent repulsions,
and is thus proportional to solvent number density ρtotat
dictating number of depletants. When a few solvent
molecules are replaced by cosolvents, for example a wa-
ter by an alcohol, preserves, at first order in solvent den-
sity, a linear composition rule for the total strength of
the attractions, especially for simulations under NVT
ensemble. Under these conditions one should smoothly
interpolate between two polymer collapsed states, with-
out any swelling at intermediate compositions. Here,
however, interactions between solvent components play
a delicate role in dictating the depletion forces, bringing
in contributions proportional to the square (or to even
higher powers) of ρtotal, see Fig. 2(a). The dominant
effect of these solvent-cosolvent (depletant-depletant) in-
teractions is to reduce the total depletion attractions.
Such effects can be understood by noticing that any
(co)solvent molecule present between two monomers al-
ready depletes a significant number of particles from its
vicinity and thus reduces the number of depletants con-
tributing to the total monomer-monomer attraction. In
our case reduction of polymer collapse is obtained, en-
hanced and tuned by a solvent-cosolvent excluded volume
that is slightly stronger than the corresponding values for
solvent-solvent and cosolvent-cosolvent molecules. At in-
termediate compositions, where solvent-cosolvent inter-
actions are dominant, there is a stronger reduction of the
attractive depletion forces leading to polymer collapse,
thus allowing for a significant polymer swelling. In prac-
tice, therefore, a broad variety of polymer/solvent sys-
tems are expected to display such behavior provided that
both repulsive solvents have mutual interactions, leading
to depletion of depletion forces.
A standard measure of the attractive forces leading to
polymer collapse is provided by the monomer excluded
volume V . For poor solvents V is negative, and the di-
mensions of the chain can be understood by balancing
the second (negative) virial osmotic contributions and
the three body repulsion [15, 16], leading to
RΘ
3
Rg
3 − 1 = |V|. (5)
In the inset of Fig. 4 we show
(
1/Rg
)3
as a function
of V , where the Rg is taken from Fig. 1(a) and V is
given by the values in the main panel of Fig. 4. The
data is well described by the theoretical prediction in
Eq. 5. Extrapolating the data to V = 0, we estimate
RΘ = 1.46 (or RΘ = 2.34σ), further suggesting that the
polymer remains below Θ−conformation, even when it
swells within intermediate mixing ratios.
This collapse-swelling-collapse scenario of PMMA in
aqueous alcohol appears as the opposite effect to that
of coil-globule-coil scenario of PNIPAm in aqueous alco-
hol, often referred to as co-non-solvency [2, 3, 8]. How-
ever, the coil-globule-coil transitions are dictated by ef-
fects of solvent and cosolvent preferential adsorption
[8], while the collapse-swelling-collapse behavior, stud-
ied here, is due to a subtle balance of depletion forces.
Furthermore, our analysis also suggests that, contrary to
the co-non-solvency effect that cannot be described by
a Flory-Huggins mean-field picture, the mean-field be-
havior drives the collapse-swelling-collapse sequence in
poor solvent mixtures. Here, the solvent-cosolvent inter-
action parameter χsc, though quite small, plays a key
role. Our results clarify that although collapse-swelling-
collapse and co-non-solvency appear as two symmetric
manifestations of polymer solubility, they are in fact
driven by markedly different physical mechanisms.
In conclusion, we have performed molecular dynamics
simulations to unveil the microscopic origin of polymer
swelling in poor solvent mixtures. We propose a unified
generic picture of the polymer collapse-swelling-collapse
transition. This conformational transition is due to a del-
icate balance between the depletion forces and the bulk
solution density at constant pressure. Combining Flory-
Huggins type mean field picture with molecular dynamics
simulations, we show that the polymer swelling in poor
solvents is dictated by reduced depletion forces that ordi-
nate because the bulk solution properties. More interest-
ingly, these results show striking quantitative agreement
with the experimental data obtained from PMMA sol-
vated in aqueous alcohol and all-atom simulations. While
the polymer swell significantly, the mostly swollen poly-
mer structure still remains below Θ−conformation.
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